DNA haplotypes of humpback whales show strong segregation between oceanic populations and between feeding grounds within oceans, but this highly structured pattern does not exclude the possibility of extensive nuclear gene flow. Here we present allele frequency data for four microsatellite loci typed across samples from four major oceanic regions: the North Atlantic (two mitochondrially distinct populations), the North Pacific, and two widely separated Antarctic regions, East Australia and the Antarctic Peninsula. Allelic diversity is a little greater in the two Antarctic samples, probably indicating historically greater population sizes. Population subdivision was examined using a wide range of measures, including F,,, various alternative forms of Slatkin's Rst, Goldstein and colleagues' Ap+ and a Monte Carlo approximation to Fisher's exact test. The exact test revealed significant heterogeneity in all but one of the pairwise comparisons between geographically adjacent populations, including the comparison between the two North Atlantic populations, suggesting that gene flow between oceans is minimal and that dispersal patterns may sometimes be restricted even in the absence of obvious barriers, such as land masses, warm water belts, and antitropical migration behavior. The only comparison where heterogeneity was not detected was the one between the two Antarctic population samples. It is unclear whether failure to find a difference here reflects gene flow between the regions or merely lack of statistical power arising from the small size of the Antarctic Peninsula sample. Our comparison between measures of population subdivision revealed major discrepancies between methods, with little agreement about which populations were most and least separated. We suggest that unbiased R,, (UR,,, see Goodman 1995) is currently the most reliable statistic, probably because, unlike the other methods, it allows for unequal sample sizes. However, in view of the fact that these alternative measures often contradict one another, we urge caution in the use of microsatellite data to quantify genetic distance.
Introduction
Humpback whales are found throughout the world's oceans. Their distribution ranges from the tropics, where they breed during the winter months, almost to the edge of the pack-ice, where they feed during the summer (Dawbin 1966) . The seasonality of the whales' migration patterns results in a so-called antitropical distribution (Davies 1962) : when Southern Hemisphere humpbacks are in tropical waters their conspecifics in the Northern Hemisphere are feeding at high latitudes, while 6 months later the situation is reversed. Consequently, there is always a vast geographical gap separating austral and boreal whales. In the Northern Hemisphere, movement between the Atlantic and the Pacific populations is prevented by continental land masses (True 1904) .
Long-term studies based on resightings of photoidentified individual whales (Katona 1986 ) suggest that in high-latitude waters whale populations are distributed among several relatively discrete feeding stocks (Baker et al. 1985; Clapham and Mayo 1987; Katona 1986) . Fidelity to specific feeding areas is matrilineally deter-mined (Baker et al. 1986 ). In contrast, whales from different feeding stocks may mix on the same breeding ground, and are presumed to interbreed (Mattila et al. 1989; Katona and Beard 1990 ).
To date, genetic studies of humpback whales have concentrated mainly on mitochondrial DNA analysis, and have shown that humpback whale populations are divided into three principal oceanic populations: the North Pacific (NP), the North Atlantic (NA), and the Southern Oceans (Baker et al. 1990 (Baker et al. , 1993 (Baker et al. , 1994 . Within oceans, maternal lineages appear to reflect the existence of discrete feeding stocks to which daughters faithfully follow their mothers (Baker et al. 1994; Palsball et al. 1995) . Mixing between regions appears to be slight, although occasional exchanges between North Pacific breeding grounds have been reported.
The extent of nuclear gene flow between humpback whale populations is poorly known. Direct movement between the North Atlantic and the North Pacific populations is impossible, but the question of migration between hemispheres is less clear-cut. It is often supposed that whales do not like to swim through warmer waters, an assumption which led Davies (1962) to propose that cross-equatorial dispersal was more frequent during the Pleistocene, when cold water projections are thought to have extended across the equator. However, photo identification records show that the equator is not an absolute barrier (Stone et al. 1990 Limited data from nuclear genetic markers have yet to clarify the picture. Palumbi and Baker (1994) compared the results obtained from mtDNA analysis to those gained by analyzing nuclear actin intron sequences. On a worldwide scale, nuclear and mitochondrial data lead to similar estimates of gene flow. However, within two of the North Pacific breeding regions (Hawaii and California) nuclear markers revealed significantly less heterogeneity relative to that revealed by mtDNA sequences (Baker et al. 1990 (Baker et al. , 1993 Palumbi and Baker 1994) . Such a discrepancy suggests that males disperse more than females (Palumbi and Baker 1994) and that nuclear gene flow may occur where mitochondrial exchange does not. However, the small number of individuals analyzed means that there remain doubts.
In order to examine further the extent of nuclear gene flow between oceanic regions, we have used four microsatellite markers (Valsecchi and Amos 1996) to screen humpback whales sampled in four different geographical locations representing stocks from both hemispheres.
Materials and Methods Samples
Samples have been collected from 307 individual humpback whales representing the three primary oceanic populations ( fig. 1 ). For the North Pacific, 111 sloughed skin samples were collected between 1989 and 1993 from free-ranging whales off the west coast of Maui, Hawaii. For the North Atlantic, 87 individuals were biopsied between 1988 and 1991 off West Greenland (32), the Gulf of Maine (14), the Gulf of St. Lawrence (18), Iceland (IL) (1 l), and in Samana Bay (12) (Palsboll et al. 1995) . Mitochondrial DNA analysis of the same samples indicates that whales around Iceland form a genetically distinct feeding group (Palsboll et al. 1995) . North Consequently, we Atlantic subregion. treated For the Iceland as a separate Southern Ocean populations, biopsy samples were available from two distinct locations, the east coast of Australia (EA) (100 individuals, Brown et al. 1995) and the Antarctic Peninsula (AP) (9 individuals), corresponding to Area V and Areas I-II of the International Whaling Commission Southern Hemisphere Stock Divisions, respectively (Donovan 1991) . In order to avoid biases due to the sampling of related individuals, calves were excluded from the analysis. In the North Pacific, North Atlantic, and Antarctic Peninsula samples, the average sex ratio was 1.15 males : 1 female, as opposed to 2.40 males : 1 female of the Australian sample, where there is a strong male bias in the migrating population from which our samples were collected (Brown et al. 1995) .
Microsatellite
Analysis DNA extraction and sample screening were carried out independently in three different laboratories: North Pacific by E.V., North Atlantic and Antarctic Peninsula by PI?, and the Australian samples by PH. DNAs were extracted according to standard proteinase K, phenolchloroform procedure (Sambrook et al. 1989 ). All samples were screened for four polymorphic microsatellite loci, EVlPm, EV37Mn, EV94Mn, and EV96Mn (Valsecchi and Amos 1996) . Detection of amplified microsatellite alleles was carried out either by direct incorporation of a 32P-labeled dCTP or by end-labeling one primer. Labeled PCR products were resolved on 6% polyacrylamide sequencing gels and exposed overnight. Allele scoring was standardized by the exchange of control samples of known genotype between laboratories.
Data Analysis Null Allele Test
The presence of nonamplifying alleles can present problems for microsatellite analysis (Callen et al. 1993 ). Consequently, all 16 locus/population combinations were tested for presence of null alleles using the computer program NULLTEST (Allen et al. 1995) . This program identifies instances where there is an excess of homozygotes and, assuming that the samples conform to Hardy-Weinberg expectations, uses this excess to estimate the best-fit frequency of null alleles. Clearly, while a negative result indicates that null alleles are not a problem, a positive result could also, to a greater or lesser extent, be explained by inbreeding.
Allelic Diversity
Levels of allelic diversity were assessed by two methods: counting the total number of alleles over all loci in each population sample and as expected heterozygosities. In order to allow for the large difference in size between our various samples, both indices were compared between populations using a bootstrap approach, resampling 1,000 times from each of the larger samples with a sample size equal to that of the smallest sample, AP (18 alleles).
Genetic Distance Measures
Before calculating genetic distances, it is first useful to examine whether any allele frequency differences can be ascribed to chance sampling effects. One way to do this would be to use a G-test or a chi-square test, but neither of these approaches cope well with data sets where many cells contain low counts. For a 2 X 2 table, the problem of low cell counts can be overcome by using Fisher's exact test, but this cannot be computed for larger tables. Consequently, we wrote a computer program to calculate a Monte Carlo approximation to an exact test (Sokal and Rohlf 1995) . The steps executed are as follows. First, a G-test is performed on the empirical data. Second, expected probabilities are calculated for each cell of the table, based on the marginal totals. Third, the table is repeatedly filled by drawing random numbers, with replacement, according to the expected values, keeping the sample sizes for each region constant. For each replicate a further G-test is performed and compared with the empirical value. Significance level is then expressed as the proportion of all replicates which yield G-values as great or greater than the empirical value, i.e., the probability of a more extreme distribution occurring by chance. To combine P values across the four loci we followed the method of Sokal and Rohlf (1995, p. 795) , calculating -2 2 ln(PJ to give a quantity which is distributed as x2 with 2k degrees of freedom: where Pi is the ith P value of k observations.
Although this exact test provides a useful means by which to assess whether heterogeneity exists, the P values it yields are influenced greatly by sample size. In any given comparison between two genetically distinct populations, the larger the sample size, the smaller will be the resulting P value. In order to compensate for such sample size effects, we therefore wrote a second program as follows. As before, expected cell frequencies are calculated based on the marginal totals, the table is filled by drawing random numbers, and then a G value is calculated (=Gl). Next, the procedure is repeated, but this time using expected cell frequencies based on the original cell counts (=G2). In both cases, sample size is held at the value equivalent to the smallest sample in our data set (18 alleles). Finally, the whole procedure is then repeated 1,000 times, noting the number of cases in which Gl exceeds G2 (=NG1). Essentially, this procedure reduces all our samples to the same minimum size and generates a relatively unbiased estimate of heterogeneity, UH (= [500 -N,,]/l,OOO, negative values taken as zero).
There is currently much debate concerning alternative methods for calculating genetic distances using microsatellite data. Historically, the extent of population differentiation due to random genetic drift has been estimated using Wright's F statistics, namely F,, (Wright 1965 ). At equilibrium it is then possible to use F,, to estimate the number of migrant individuals exchanged per generation. However, this conversion depends on the further assumption that mutation conforms to an infinite allele model in which every new mutation creates a novel allele, and this model is clearly not applicable to microsatellites.
At microsatellite loci most mutations involve the gain or loss of only one or two repeat units, the so-called stepwise mutation model (Shriver et al. 1993; Valdes, Slatkin, and Freimer 1993; Di Rienzo et al. 1994) . It follows that a significant proportion of all mutations, and in some cases the vast majority, cause interconversion between existing allelic classes. In order to allow for frequent back mutations, Slatkin (1995) has recently developed an analogue of F,,, called &, which was designed specifically to take into account the stepwise mutation model. Slatkin (1995) recommends combining loci by first averaging the locus-specific variance components over all loci, and then combining these to give a single R,, value. An alternative approach would be first to calculate locus-specific R,, values, and then to average. For the sake of comparison, we have used both Slatkin's (R,,S) and this alternative approach (R,,B). One further variant of R,, which we also calculated is the one proposed by Goodman (1995) , who presents an unbiased method for calculating R,, when sample sizes differ greatly. Goodman terms this measure unbiased R,, or UR,,. Finally, Goldstein and colleagues propose a further measure, Ap,, which is also formulated specifically with microsatellite data in mind (Goldstein et al. 1995a (Goldstein et al. , 1995b . While F,, and its analogues are measures of gene flow, AF measures time since divergence of two isolated populations, and is expected to increase linearly with time if the model of microsatellite evolution on which it is based is correct. Since there is yet to be a consensus on which measure of population differentiation is best suited to microsatellite data, we decided to compare all of these measures, F,,, R,,S, R,,B, URst, AF, UH, and the results of the exact tests.
Results

Microsatellite Polymorphism and Allelic Diversity
A total of 307 samples were screened for four microsatellite loci. Allele frequencies in the four study populations are shown in table 1. The NULLTEST program gave negative results in all cases, indicating both an absence of all but extremely rare null alleles and no significant deviation from Hardy-Weinberg equilibrium. Over all locus/population combinations, a total of 5 1 alleles were identified, 21 of which were observed at the most polymorphic locus, EV37Mn. All three larger population sets carried alleles which were not present in any of the remaining population samples. Allele numbers are presented in figure 2 and heterozygosities are presented in table 2. Both Southern Hemisphere populations show significantly greater levels of allelic diversity than those in the Northern Hemisphere.
The AP population carries more alleles than the maximum number observed in 1,000 bootstrap replicates of both the two northern populations.
For the East Australian population, the difference is less striking. However, in paired bootstrap replicates, drawing one sample from EA and one from either NA or NP allele number in the EA population was greater in >95% of cases. A similar, but no longer statistically significant, trend is apparent when allelic diversity is measured in terms of expected heterozygosity.
Genetic Distances Between Oceans
Exact tests for independence, performed over all populations but treating each locus separately, yielded P values all of which were <O.OOOl, indicating highly significant heterogeneity. By implication, and as expected, the world's humpback whale populations are not panmictic. Pairwise comparisons between selected combinations of populations are given in table 3, based on six separate tests: F,,, R,,S, &B, URst, Ap, UH, and our approximation to an exact test. In table 4, the values given in table 3 are simply the ranking of the degree of differentiation between subpopulations produced by each of the statistics.
Statistically, only N -1 independent pairwise comparisons can be made between N samples. This limitation presents us with a problem, particularly since significant heterogeneity between NA and IL indicates that these samples should not be amalgamated.
Ideally, we would like to make seven comparisons between our five samples, i.e., between all "adjacent" populations: NA-IL, NA-NP IL-NP NA-AP IL-AP AP-EA, and EA-NI? In practice, we elected to accept some level of nonindependence and to make all seven comparisons, since these comparisons are justified on a priori grounds. From tables 3 and 4 it is clear that there is little agreement between methods. In an attempt to take an objective approach to assess which methods are most reliable, we used the following argument. Divergence due to neutral genetic drift will follow a continuous spectrum of states, ranging from minor differences in the frequencies of one or more alleles to nonoverlapping allelic classes. Thus, the greater the level of genetic divergence, the greater will be the degree of heterogeneity observed between independent samples drawn from different populations. Therefore, an unbiased measure of heterogeneity should provide a reliable method for placing pairwise comparisons in the correct rank order of genetic distances, almost regardless of the way in which microsatellites evolve. To assess the extent to which F,,, Rst, UR,,, and Ap recover the same rank order as UH, correlation coefficients were calculated between UH and each of these measures in turn, using all 28 locus-pairwise population comparisons (when each locus is treated separately, R,,S and R,,B are equivalent and hence are here referred to together as R,,). The resulting r values were 0.24, 0.42, 0.61, and 0.49, respectively. Since the critical value for significance at the 0.05 level with 26 degrees of freedom is 0.38, only F,, values do not show a significant positive correlation. The strongest correlation is associated with UK,* An alternative approach to assess which of these measures is most reliable is to focus on the extreme cases where the result is more or less predictable. First, the NA and IL samples both come from the same ocean, so they might be expected to show the least divergence. Second, since any migration between the North Pacific and the North Atlantic necessarily involves movement through other sampled areas, the largest genetic distance should be between NA and NP and between IL and NI? In practice, with the exception of F,,, NA-IL was either the smallest, or one of the smallest, distances. At the other extreme, NA-NP gave large distances by all methods except R,, and A~.L. However, major discrepancies are found between methods for the NP-IL comparison, where R,,S and R,,B both yielded large negative values, implying no differentiation, despite the highly significant differences identified by the exact test.
In terms of the relative genetic distances among different populations, firm conclusions are hard to draw. If all methods are assumed to be equal, the large discrepancies we have found should be interpreted in one of two ways. Either no one distance is greater than any other at the resolution afforded by these four microsatellites, or the implicit assumptions of the underlying models of one or more of these measures are not fulfilled in this data set. An alternative view would be to build on the assumption that UH values are effective in recovering the correct rank order, and can therefore be used (Wright 1965) , R,,S (Slatkin 1995) , R,,B (see text), UR,, (Goodman 1993 , Au (Goldstein et al. 1995~2, 1995b , UH (unbiased heterogeneity test, see text), Exact (see text).
b North Atlantic (NA), Iceland (IL), Antarctic Peninsula (AP), East Australia (EA), North Pacific (NP). = * = pCO.05; ** = pCO.01; *** = p<O.OOl.
to determine which of the remaining methods cope best with what is, after all, a difficult data set. In this case, the most faith would be placed in UR,,. This conclusion seems intuitively reasonable, considering that UR,, is the only other measure which makes allowance for large variations in sample size. Thus, while acknowledging that there remain significant problems and the need for further testing, we elected to interpret our results based on a combination of UR,, and UH. Comparing populations, only one combination does not show significant heterogeneity at the 5% level using the exact test, that between AP and EA. Given the small size of the AP sample, it is unclear whether this lack of difference reflects appreciable levels of genetic exchange between the two regions or merely the low power of the test. However, it should be noted that the equally small IL sample does differ significantly from the NA sample, which derives from the same ocean. Among those comparisons where significant heterogeneity exists, the greatest values are, as expected, between Northem Hemisphere populations in different oceans. Next greatest are the transequatorial comparisons, EA-NP IL-AP, and NA-AI? Finally, there appears to be weak but significant heterogeneity even within an ocean.
Discussion
Here we present the results of a survey in which samples from four major oceanic populations of hump- a F,, (Wright 1965) , R,,S (Slatkin 1995) , R,,B (see text), UR,, (Goodman 1995) , Ap (Goldstein et al 1995a, 19956) , UH (unbiased heterogeneity test, see text), Exact (see text). b North Atlantic (NA), Iceland (IL), Antarctic Peninsula (AP), East Australia (EA), North Pacific (NP).
c 1 = greatest distance; 7 = smallest distance.
back whales are compared for four microsatellite markers, and genetic distances are calculated using a variety of current methods. The two Antarctic populations show slightly higher levels of allelic diversity when measured by allele number, consistent with the Antarctic populations being historically larger, although this difference is not significant when heterozygosities are compared. Among a range of pairwise comparisons, methods for calculating genetic distance vary greatly, with unbiased R,, (UR,,) probably being the most reliable. Exact tests reveal highly significant heterogeneity for the sample set as a whole, between oceanic populations, and even between populations within the North Atlantic.
Several of the genetic distance measures we consider are already being applied to real data sets and have been incorporated into standard computer packages. However, when their performances are compared across our single humpback whale microsatellite data set, important discrepancies become apparent. For example, the highest value obtained for R,,S arises from a comparison between two samples which are similar enough to have been drawn from a single, homogeneous population. Similarly, both R,,S and R,,B give large negative values, suggesting no differentiation, even when there is in fact a highly significant difference between the allele frequency distributions.
Goldstein and colleagues' AF also gives unexpected results, with transequatorial comparisons tending to give higher values than the theoretically greater distances which should exist between the two Northern Hemisphere oceans.
There are a number of ways by which to explain the lack of agreement between the methods. First, four of the measures make no allowance for small or unequal sample sizes, these being F,,, R,,S, R,,B, and Ap. It is noticeable that, while R,,S and R,,B yield unrealistic large negative values in comparisons between samples which differ greatly in size, UR,, values all fall within a biologically sensible range. Furthermore, both R,, and Ak are likely to have large standard errors, particularly if fewer than 30 loci are considered (Takezaki and Nei 1996) , and it is clearly desirable to deploy as many loci as possible.
Second, Ak is based on differences in mean allele length, which may be misleading according to recent work on microsatellite evolution in humans and other primates. Human microsatellites appear consistently longer than their homologues in chimpanzees (Rubinsztein et al. 1995; Djian, Hancock, and Chana 1996) . It has been suggested that this observation arises because (1) microsatellites tend to expand in length with time and (2) mutation rate may be greater in heterozygotes than in homozygotes (Rubinsztein et al. 1995) , two properties which have both gained recent empirical support Primmer et al. 1996) . Combined, these two properties would lead to a tendency for mean allele length to correlate with population size, and hence for Ap values to become inflated in comparisons between populations which differ greatly in size. Our data are consistent with this concept. Prior to human exploitation, the two Antarctic populations were probably much larger than their Northern Hemisphere counterparts. Consequently, one might predict that the biggest Ap values will occur in transequatorial comparisons rather than, for example, in the NA-NP comparison, where gene flow is low/absent but where the difference in effective population size is relatively small. This prediction appears to be fulfilled, in that the two largest Ap values both arise in transequatorial comparisons (IL-AP, 7.7; EA-NP 5.39). It will be interesting to examine whether other data sets show a similar pattern.
We originally set out to quantify gene flow between oceanic populations.
However, as discussed above, interpretation was hampered by disagreement between genetic distance measures. Nonetheless, our data reveal highly significant heterogeneity between populations at all levels, including between mitochondrially distinct populations within a single ocean. In view of the clear shortfalls of current distance measures, it would seem premature to use our R,, values to estimate migration rates between populations in the way suggested by Slatkin (1995) . However, it is interesting that significant nuclear genetic differentiation can apparently occur between the North Atlantic populations even when photoidentification studies indicate that mixing occurs on a common breeding ground. Similarly, Pacific photo-identification studies also show occasional movement across the equator. Considering the relatively low observation effort in equatorial waters, these records suggest that interhemisphere migration events may be frequent, yet genetic differentiation still exists. The only population comparison which does not show significant heterogeneity is between the two Antarctic samples. It is as yet unclear whether this failure is a type II error due to the small size of the AP sample or, instead, reflects either appreciable gene flow between populations which are not separated by a land mass or the equator, or recent subdivision of a larger population.
In conclusion, our data indicate that gene flow between oceanic populations of humpback whales is low, and may even be restricted between different populations within the same ocean basin. However, our main finding is that alternative methods for calculating genetic distances based on microsatellite data give inconsistent and often contradictory results. Probable reasons include failure to allow for small and unequal sample sizes and use of an unrealistic model of microsatellite evolution. Of the methods tested, the best method appears to be an unbiased derivative of Slatkin's R,,. 
